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We perform a theoretical study of the temperature dependent electronic speciﬁc heat at constant volume
CV ðTÞ for a ﬁbrous a3-helical polypeptide, which has the amino acid sequence (Leu-Glu-Thr-Leu-Ala-Lys-
Ala)3, considering only its primary structure. We focus also on two different variants of the a3-helical
polypeptide, namely those with (5Qa3 variant, mutation Ala5Gln) and without (7Qa3 variant, mutation
Ala7Gln) ﬁbrous assemblies. The energy spectra are calculated using a two-dimensional Schrödinger
equation within a tight-binding approximation in which the isolated amino acid vertical ionization
energy and the hopping terms are found using density functional theory computations.
 2012 Elsevier B.V. All rights reserved.The theoretical treatment of biologically active molecules form-
ing the proteins is a mature, challenging, and active research area.
Driven by important advances of quantum mechanical methods
and increasing hardware performance, and mirrored by an aston-
ishing number of computational studies devoted to the structural
and conformational behavior of biomolecules, this subject has be-
come nowadays an exciting ﬁeld of research [1–6]. The main difﬁ-
culties faced in the ﬁeld involve taking into account the topology of
the structures, as well as the high level of precision required to
characterize the biomolecules, which often present a high degree
of complexity, and must therefore be approached with approxi-
mate methods [7–12]. In the protein domain, the helical motif is
a ubiquitous conformation of amino acids in their structure (heli-
ces constitute 20–30% of the secondary protein structure), and its
formation is a fundamental step of the protein folding process
[13,14]. Direct ab initio simulations revealed the critical role of
van der Waals interactions to the stability of polypeptide helices
[15].
Speciﬁcally, the quest for a deeper understanding of the protein
and polypeptide temperature dependent heat capacity CPðVÞðTÞ re-
mains a fundamental challenge [16,17]. Besides being very promis-
ing for the development of applications linking its temperature
behavior with biological data, it may pave the road for the develop-
ment of many devices, envisaging CPðVÞðTÞ-based diagnostic tools,
since it relates changes on the protein’s molecular kinetic (vibra-
tional, rotational, translational, etc.) and electronic properties
(interatomic potential energies, bond stretching, bending, etc.).
As a matter of fact, the thermodynamics of protein and polypeptide
conformational changes depends not only on the speciﬁc sequencell rights reserved.
lco).of the amino acids (their primary structure), but also on the polar-
ity and hydrophobic effects, which are related to the protein sec-
ondary structure and water effects [18]. Protein unfolding in
aqueous solution is usually accompanied by an increase in heat
capacity, and this has long been regarded as a somewhat anoma-
lous behavior. In the case of polypeptides, there is in general an al-
most linear increase of their heat capacity with temperature, but
several measurements indicate the existence of a boson-type peak
in plots CP=T
3  T at helium liquid temperature [19–22]. Although
there are some theoretical models describing the thermodynamic
properties of an inﬁnite polyalanine a-helix (few based in the den-
sity functional theory calculations of the phonon spectra, by the
way) [23–26], no theoretical model was developed to calculate
the electronic speciﬁc heat (ESH) of proteins and polypeptides so
far.
The focus here is on the de novo-designed by gene engineering
a3-peptide, as well as its variants 5Qa3 and 7Qa3. a3 is a 21-resi-
due peptide with three repeats of the seven-residue (heptad)
sequence Leu-Glu-Thr-Leu-Ala-Lys-Ala (see Figure 1), which forms
an a-helical bundle structure through hydrophobic interaction
between Leu residues [27]. The 5Qa3 and 7Qa3 peptide is obtained
by Ala? Gln substitution at the e (5th) and g (7th) position,
respectively, of the a3-peptide amino acid sequence. The
a3-peptide has the ability to form ﬁbrous assemblies that are ob-
served by transmission electron microscopy and atomic force
microscopy [27]. However, the a-helix of the a3-peptide is destabi-
lized by the substitution of Ala residues at the e position in the
heptad sequence by Gln residues, and much more prominently
by the substitution at the g position. As a result, among the
polypeptides examined, the 7Qa3 peptide has the most unstable
a-helix [27]. On the other hand, the Ala? Gln substitution atten-
uates the formation of ﬁbrils, which become very short in the
Figure 1. The a3-helical (Leu-Glu-Thr-Leu-Ala-Lys-Ala)3 polypeptide. The red and
yellow arrows indicate the mutations Ala5Gln and Ala7Gln in the ﬁrst, second and
third heptad sequence, giving rise to the 5Qa3 and 7Qa3 variants, respectively. (For
interpretation of the references to colour in this ﬁgure legend, the reader is referred
to the web version of this article.)
Table 1
The two highest occupied molecular orbitals of dipeptides n; m and hopping energies
tn;m (in eV) of the a3-helical peptide and its (5Q,7Q)a3 variants.
n; m EHOMO1n;m
(eV)
EHOMOn;m
(eV)
tn;m
(eV)
Leu-Glu 6.0 5.5 0.2
Glu-Thr 6.1 5.9 0.1
Thr-Leu 6.0 5.6 0.2
Leu-Gln 5.8 5.4 0.2
Gln-Lys 5.6 5.2 0.2
Lys-Ala 5.5 5.1 0.2
Ala-Leu 6.1 5.8 0.2
Leu-Ala 6.0 5.2 0.3
Ala-Lys 5.5 5.0 0.2
Lys-Gln 5.7 5.3 0.2
Gln-Leu 6.1 5.4 0.4
124 G.A. Mendes et al. / Chemical Physics Letters 542 (2012) 123–1275Qa3 case, and are not observed in 7Qa3 [27]. The stable a3-helix
polypeptide (Leu-Glu-Thr-Leu-Ala-Lys-Ala)3 is depicted in Figure 1.
Recently, a tight-binding transport modeling was performed to
obtain the current–voltage (I–V) patterns of the a3-peptide and its
variants 5Qa3 and 7Qa3 [28]. Beyond the semiconductor character,
it was found that their I–V characteristics can be used to distin-
guish among them. Since the formation of ﬁbrous assemblies are
characteristic of Alzheimer, Parkinson, and Creutzfeldt–Jakob
(prion) diseases, for example, the individual characterization of
the a3-peptide and its variants 5Qa3 and 7Qa3 allows us to suggest
that charge transport in polypeptides can turn to be a useful tool
for the development of biosensors to probe the onset of amyloido-
sis-like diseases. The paper by Mercato et al. [29] was already a
clear ﬁrst step towards this remarkable biomedical application of
the charge transport in proteins and polypeptides.
It is the aim of this work to contribute further to this subject
considering the energy spectra of the a3-helical polypeptide and
its 5Qa3 and 7Qa3 variant structures. Taking them as the energy
spectrum of a single fermionic system, we will calculate and ana-
lyze the temperature dependent electronic speciﬁc heat (ESH) at
constant volume CV ðTÞ of the polypeptides in focus. The main fea-
tures of their ESH are discussed, which allows us to suggest the
possibility of using ESH characteristics as a tool for early diagnosis
of amyloidosis-like diseases. As a matter of fact, the ESH patterns of
the a3-helical polypeptide and its 5Qa3 and 7Qa3 variant struc-
tures can be used to identify them, and consequently the existence
of ﬁbrous a3, attenuated ﬁbrous 5Qa3, and not ﬁbrous 7Qa3
polypeptides.
Biopolymers like the alpha-helical peptide studied here, have
their electronic band structure composed of two main bands of al-
lowed states separated by an energy gap similar to those found in
solid-state semiconductors [30–32]. The introduction of ‘defects’
may generate states within the gap, changing substantially their
electronic band structure. These ‘defects’ in polypeptides can be
originated from a residue replacement in the primary amino acid
primary sequence due to a mutation and can be investigated, for
example, by using a renormalization scheme as in [33]. Defects
can modify profoundly the electronic states, mimicking complex
structures. In order to avoid unnecessary numerical and mathe-
matical treatment, the electronic Hamiltonian describing the al-
pha-helical polypeptides as a single fermionic system, taking into
account only their primary sequence, can be written within an
effective tight-binding model with a single orbital per site and
nearest-neighbor interactions [34], i.e.:
H ¼
X
n
njwnihwnj þ
X
n;m
tn;mjwnihwmj; ð1Þ
where n is the single carrier energy (isolated amino acid vertical
ionization energy IE) at the orbital wn, and tn;m is the ﬁrst-neighborelectronic overlaps (hopping amplitude). Within this framework,
the Schrödinger equation can be solved by using a transfer matrix
technique [35,36], whose energy spectrum is used to determine
the ESH proﬁles for the a-helix polypeptide and its (5Q,7Q)a3
variants.
To calculate the ionization energies and the dipeptide frontier
molecular orbitals, we have chosen a three-step approach. First
we obtain optimized geometries from classical molecular dynam-
ics simulations using the FORCITE code. These geometries were found
after carrying out an annealing procedure which consists of a num-
ber of molecular dynamic cycles where the temperature is succes-
sively increased and decreased, allowing one to probe the
conﬁgurational space of a molecule to ﬁnd a global minimum en-
ergy. The COMPASS force ﬁeld was used in computations within
the NVE ensemble, with time step of 1.0 fs, an annealing initial
temperature of 300 K and a mid-cycle temperature of 3000 K. A to-
tal of 20 annealing cycles were carried out with 20 heating ramps
per cycle and 100 dynamic steps per ramp. After each annealing
cycle, the dipeptides were subjected to a geometry optimization
using a conjugate gradient approach with convergence thresholds
of 2:0 105 kcal=mol for total energy variation, 102 kcal/mol/Å
for the maximum force per atom, and 105 Å for the maximum
atomic displacement in successive steps. In the end of this proce-
dure, we have selected the 8 lowest energy structures from the
20 structures obtained.
In the second step, for each of the 8 best structures found after
the classical annealing, we performed a new simulation within
the quantum semi-empirical level using the NDDO-AM1 Hamilto-
nian [37] to reoptimize their geometries. Afterwards, in the last
step, these structures were used as inputs for a geometry optimiza-
tion within the Density Functional Theory (DFT) formalism, using
the DMOL3 code [38]. The Perdew–Burke–Ernzerhof exchange–cor-
relation functional [39], within the generalized gradient approxi-
mation (GGA), was chosen, as well as a double numerical plus
polarization basis set (DNP), which ensures a good description of
the electronic states. All electrons, valence and core, were explicitly
taken into account. The geometry optimization convergence thresh-
oldswere 105 Ha for the total energy variation, 2:0 103 Ha=Å for
the maximum force per atom, and 5:0 103 Å for the maximum
atomic displacement. Ionization energies were computed by calcu-
lating the difference in total energy of eachmolecular specieswithN
(neutral), N  1 (ﬁrst ionization), and N  2 (second ionization)
electrons.
Finally, analyzing the output generated, we selected the struc-
ture with lowest energy from the 8 initial conﬁgurations, and used
the molecular orbital energies to calculate the hopping terms,
which are summarized in Table 1, whose ﬁrst column indicates
the two amino acid residues in each dipeptide. Note that the se-
quence of the molecules is important, Lys-Ala for instance having
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Figure 3. Semi-log scale of the chemical potential l ¼ lðNe=N; TÞ versus the
temperature T (in K) for the a3 polypeptide (chain-dotted line), and its 5Qa3
(dashed line) and 7Qa3 (solid line) variants. The thin dashed vertical line represents
the normal human body temperature TNHB ¼ 310 K. Three values of the band ﬁllings
Ne=N are considered, namely: (a) Ne=N ¼ 0:9; (b) Ne=N ¼ 0:5; (c) Ne=N ¼ 0:1.
G.A. Mendes et al. / Chemical Physics Letters 542 (2012) 123–127 125different transport properties of Ala-Lys. Indeed, in the Lys-Ala pair
the carboxyl group of Lys forms a peptide bond with the amine
group of Ala, releasing a water molecule. For the pair Ala-Lys the
carboxyl is from Ala and the amine belongs to Lys. The lowest en-
ergy single-electron excitation is the ﬁrst amino acid vertical ioni-
zation potential IE ¼ EðN  1Þ  EðNÞ, where the ionized amino
acids with one missing electron have total energies EðN  1Þ [40].
The hopping terms, on the other hand, are estimated through the
following relation [41]:
tn;m ¼ ð1=2ÞðEHOMOn;m  EHOMO1n;m Þ; ð2Þ
where EHOMOn;m and E
HOMO1
n;m are, respectively, the ﬁrst and second high-
est occupied molecular orbital energies for the dipeptides formed
from the n; m amino acid residues. It is worth to mention that there
is no temperature dependence in the framework of DFT calcula-
tions, e.g. the values of the ionization energies and hopping integrals
do not change with temperature.
According to the Fermi–Dirac statistics, the average occupation
number of each state is given by hf ðEnÞi ¼ 1þ exp½bðEn  lÞ1,
where b ¼ 1=kBT, with kB being the Boltzmann’s constant, T the
temperature, and l the chemical potential. Here we are not includ-
ing spin degeneracy. Also, En is the nth eigenvalue of the energy
spectrum obtained by solving the Schrödinger equation, which
has both the ionization energy n and the hopping terms tn;m con-
tributions (for details see [42]). The electronic density of states
(DOS) then follows, being shown in Figure 2. Rather than traces
of bands, the DOS proﬁle for each peptide is fragmented, showing
a number of discrete strongly localized bunches of states that are
believed to reﬂect their 1D band structure. Observe that the num-
ber of van Hove singularities is much bigger for the ﬁbrous (a3-
helical and its 5Qa3 variant) peptides than for the non-ﬁbrous
7Qa3 variant one. Surely this fact will be reﬂected into the ESH
spectra discussed later.
The chemical potential l ¼ lðNe=N; TÞ can be computed as a
function of the temperature and the band ﬁlling Ne=N from
Ne ¼
PN
n¼1hf ðEnÞi, and can then be extracted by numerical meth-
ods. Here, Ne is the number of non-interacting Fermi particles
(electrons), while N is the total number of one-particle accessible
states (electrons and holes). The average internal energy can be
found from UðNe=N; TÞ ¼
PN
n¼1Enhf ðEnÞi, where the temperature
dependence of the chemical potential lðNe=N; TÞ is explicitly taken
into account.
In Figure 3 the curves of the chemical potential lðNe=N; TÞ (the
measurement of the energy per particle, for a given entropy),
against the temperature T (in Kelvin) are depicted, for the a3-heli-
cal polypeptide (chain-dotted line), and its 5Qa3 (dashed line) andFigure 2. The electronic density of states (DOS) in arbitrary units plotted against
the energy E (in eV) for the a3 polypeptide (chain-dotted line), and its 5Qa3 (solid
line) and 7Qa3.7Qa3 (solid line) variants. Three representative values of the band
ﬁllings Ne=N are considered, namely Ne=N ¼ 0:9, 0.5, and 0.1,
which are shown in Figure 3a–c, respectively. The thin dashed ver-
tical line represents the normal human body temperature
TNHB ¼ 310 K. For lower values of T (below the normal human body
temperature), there is a transient period for all peptides and band
ﬁllings, and the chemical potential proﬁle is characterized by a
quite ﬂat curve. This situation changes a lot for temperatures high-
er then TNHB, for each band ﬁlling considered. In the extreme cases,
i.e. for the band ﬁlling Ne=N ¼ 0:9 and 0.1, the chemical potential
reaches a minimum (maximum) value, and then starts to increase
(decrease) linearly following a power-law lðNe=N; TÞ / T/ ð/ T/Þ,
with the / exponents equal to 3.26 (2.81) for the a3 peptide, 3.21
(2.81) for its 5Qa3 variant, and 3.14 (2.78) for its 7Qa3 variant.
The ESH at constant volume is evaluated by differentiating the
average internal energy UðNe=N; TÞwith respect to the temperature
T, keeping the volume of the system V constant by maintaining
ﬁxed the total number of one-particle accessible states N. It is then
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Figure 4. Same as in Figure 3, but for ESH at constant volume (in units of Ne  kB).
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mionic) CV ðTÞ of proteins and polypeptides:
CV
kB
¼ b
2
4
X
n
E2ncosh
2yn 
P
nEncosh
2yn
 2
P
ncosh
2yn
2
64
3
75; ð3Þ
where yn ¼ b½ðEn  lÞ=2. In the limit of high temperatures and/or
very low electron densities, the ESH tends to the value obtained
through the determination of the partition function using classical
Boltzmann–Gibbs statistics [43]. It is worthwhile to mention that
the above expression for CV could be simpliﬁed by using a handy
general formula for the ESH as a function of the absolute tempera-
ture, as discussed by Starikov [44] following a theory developed by
Linhart [45]. However, although analytically more demanding, our
expression resembles better the ESH proﬁles of the three peptides
considered in this work, depicting the expected oscillations not
found in the Linhart theory.
Similarly as it was done in Figure 3 for the chemical potential,
Figure 4 shows the normalized ESH spectra at constant volume
(in units of the number of non-interacting Fermi particles Ne times
the Boltzmann’s constant kB) versus the temperature T (in Kelvin)
for the a3-helical polypeptide (chain-dotted), and its 5Qa3
(dashed) and 7Qa3 (solid) variants, considering the same band ﬁll-
ings Ne=N Ne=N ¼ 0:9 (Figure 4a), 0.5 (Figure 4b), and 0.1 (Figure
4c).
There are some features in the temperature dependence of the
ESH that deserve to be stressed. First, for the high temperature lim-
it ðT !1Þ, the ESH for all polypeptides and band ﬁllings converges
and decays according with the power law T2; it is an expected re-
sult since the systems are bounded.
For high band ﬁllings ðNe=N ¼ 0:9Þ, depicted in Figure 4a, the
Fermi energy falls in a region where the degenerated energy levels
are separated by mini-bands, with a predominant electron charge
carrier contribution, when compared with its hole charge carrier
counterpart. In view of that, as we approach the full band regime
ðNe=N ¼ 1Þ, the low temperature ESH of holes becomes much smal-
ler than that for electrons, and the degeneracies are smaller at the
top than at the bottom of the energy band. More important, on the
other hand, when the temperature decreases, each polypeptide,
although differing only by the Ala? Gln substitutions, presents a
unique characteristic ESH proﬁle, allowing us to distinguish each
other, and consequently to point the existence (or not!) of ﬁbrous
assemblies. As we can see from Figure 4a, the ESH increases up to a
maximum value, the corresponding temperature for this maxi-
mum value depending not only on the number of band ﬁlling
Ne=N, but also on the molecule type (observe that we are using a
log-scale for the absolute temperature). After the maximum value,
the ESH falls into a low temperature region and starts, for the ﬁ-
brous a3-helical polypeptide (chain-dotted line), and its 5Qa3 var-
iant (dashed line), a pattern of log-periodic oscillations which
signals the discrete scale invariance of the spectrum at the vicinity
of the Fermi energy, with no counterpart for the non-ﬁbrous 7Qa3
variant. These oscillations persist until the ESH proﬁle starts a lin-
ear regime at a temperature below (above) the normal human
body temperature TNHB ¼ 310 K, reaching zero at a temperature
equal to 40 K (100 K) for the a3-helical polypeptide (5Qa3 variant)
case. As a matter of fact, the a3 polypeptide, that has the most ﬁ-
brous assemblies, shows the widest ESH proﬁle; the 5Qa3 variant,
which forms ﬁbrous assemblies more attenuated than those of the
a3 polypeptide, has its ESH proﬁle wider than the 7Qa3 variant, but
narrower than the a3 polypeptide; ﬁnally, the 7Q variant does not
form ﬁbrils and shows the narrowest ESH proﬁle, whose intensity
goes to zero at a temperature near to the normal human body tem-
perature TNHB. Instead of using the ESH temperature behavior, it
was suggested in a previous work that charge transport in poly-peptides through their I–V characteristic curves can be a useful tool
for the development of biosensors to probe the onset of amyloido-
sis-like diseases [28].
After a critical value ðNe=N  0:85Þ, the ESH pattern described
above disappears. We believe this occurs because the Fermi energy
falls in a dense region of the energy spectrum and, as a conse-
quence, the ESH displays a power law decay at low temperatures
modulated by complex log-periodic oscillations. The pattern of
these oscillations is strongly dependent on the band ﬁlling as dis-
tinct regions of the energy spectrum are probed in each case. Fur-
ther, the power-law decay exponent is non-universal. This
situation persists until we reach the half band-ﬁlling case
Ne=N ¼ 0:5, depicted in Figure 4b. Now, the Fermi energy is located
exactly at the band center with this degenerated level partially
ﬁlled. As a consequence, the ESH has the typical aspect of non-
interacting Fermi systems exhibiting a large gap between the fun-
damental state and the ﬁrst excited state. After a maximum value,
the ESH goes to zero with a proﬁle showing closely a linear behav-
ior, as usual for free-electron gases. There is a slight deviation from
this behavior only for the ﬁbril 5Qa3 variant, which shows a shoul-
G.A. Mendes et al. / Chemical Physics Letters 542 (2012) 123–127 127der in its ESH proﬁle at a temperature T  400 K, whose intensity
goes to zero at T ¼ 100 K. For the sake of comparison, the ESH
strength of the a3 polypeptide and its 7Q variant, whose proﬁles
do not show oscillations, reaches zero at temperatures equal to
200 K and 300 K, respectively.
As the band ﬁlling continues to decrease, the Fermi-energy falls
deeper into the energy spectrum composed by degenerated levels
separated by energy gaps. The oscillations disappear completely, as
one can see from Figure 4c ðNe=N ¼ 0:1Þ. Quite interesting, the
intensity of the ESH for all polypeptides goes to zero at a temper-
ature close to the normal human body temperature TNHB.
It is important to mention that the logarithmic oscillation
behavior in the temperature dependence found in the ESH proﬁles,
no matter the peptide considered, reveals the existence of several
energy scales in their spectra. These oscillations are more pro-
nounced at high band-ﬁllings because the higher-half of the energy
spectrum has a more sharply deﬁned sequence of mini-bands. At
the lower half of the spectrum, the presence of degenerated levels
suppresses the speciﬁc heat oscillations, giving a clear thermody-
namic evidence of the absence of an electron–hole symmetry. It
would be interesting to investigate if other Hamiltonian systems
would have similar energy spectrum as well as thermodynamic
signatures. In particular, the study of collective excitations, such
as phonons and magnons, may contribute to a more complete sce-
nario, and we hope that the present results can stimulate further
works along these directions.
In conclusion, aiming to further contribution to the present
understanding of the important differences on the ﬁber formation
of the a-helix variants, we have presented in this work a theoret-
ical model to study their ESH spectra, according to the Fermi–Dirac
statistics, and considering several band ﬁlling Ne=N values. For high
band ﬁllings ðNe=N ¼ 0:9Þ, the differences between the ﬁbrous (a3-
helical and its 5Qa3 variant) peptide and non-ﬁbrous 7Qa3 variant
peptide are amazing. As it is well-known, aggregates of ﬁbrous pro-
tein play a central role in various neurodegenerative problems,
such as Alzheimer, Parkinson, and Creutzfeldt–Jakob diseases,
whose common pathology includes fatal transmissible spongiform
degeneration and characteristic formation of plaques in the brain
tissue [46]. The protein-only hypothesis [47] states that the infec-
tious agent is a protein, named prion, which is a pathogenic iso-
form seemingly able to convert the normal isoform in an
autocatalytic process [48,49]. Two conformations of this protein
are important for characterizing the disease, namely the normally
folded host-encoded cellular protein and an abnormal dangerous
pathogenic conformation. The latter form is hydrophobic, has a
tendency to form aggregates, and may be found in different strains.
The understanding of ﬁbrous formation is therefore mandatory to
the development of effective drugs that could reverse the ﬁbrous
assembling presented in the pathogenic protein conformation,
responsible for the major aspects of the diseases. The present
ESH proﬁles distinguish the ﬁbrous/not ﬁbrous alpha-helical pep-
tide studied here, allowing us to suggest that it can be an useful
tool for the development of biosensors to probe the onset of
prion-like diseases. In the experimental side, heat changes pro-
duced by protein unfolding, protein association, ligand binding,
and other protein reactions can now be measured routinely. The
two principal instrument modes are differential scanning calorim-
etry (DSC), which measures sample heat capacity with respect to a
reference as a function of temperature, and isothermal titration
calorimetry (ITC), which measures the heat uptake/evolution dur-
ing a titration experiment (for a good description of them see the
review Ref. [50]). The third major tool is a thermodynamic calorim-
etry. We hope the theoretical predictions shown here can be testedexperimentally, at least at the important region around the normal
human body temperature TNHB, considering these apparatus tools
at the disposal of biophysicists and biochemists, and we expect
that they will be motivated by our work to face them.
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